Flood mapping is an important part of flood risk analysis and management as its result is the visualization of flood hazard in terms of flood depth and extent. However, flood mapping strongly depends on the selected modeling approach. Furthermore, model input data usually incorporate uncertainties that may vary significantly in time and space. In this study, the EBA4SUB (Event-Based Approach for Small and Ungauged Basins) hydrologic model and the one-dimensional HEC-RAS (Hydrologic Engineering Center's River Analysis System) hydraulic model were selected for evaluating their sensitivity, in terms of simulated flood area (FA) and volume (FV), to different combinations of input parameters. Results of hydrologic modeling highlight the great variation of design peak discharges which strongly influence the modeled FA and FV. The sensitivity of FA and FV to excess rainfall determination was several times larger than the sensitivity to the routing propagation for two assumed gross rainfall distributions (rectangular and Chicago), which highlights the importance of the correct estimation of soil and land use properties affecting the infiltration estimation.
INTRODUCTION
Flood mapping is a crucial element of flood risk management since it provides the delineation of flood depth and extent in flood-prone areas. The creation of flood maps is usually performed using a combination of hydrologic and hydraulic models that is particularly challenging in case of small and ungauged basins where the calibration of advanced hydrologic models is difficult due to lack of observed discharge data (Grimaldi et al. a; Szymczak & Krę ż ałek ) . In order to estimate the design peak discharge or the design hydrograph for ungauged basins, different hydrologic models are usually applied (Petroselli et al. ) . In particular, simple conceptual models represent a reliable compromise between the physical representation of the investigated hydrologic processes and the limited number of adopted parameters (Młyński et al. ) .
Regarding the hydraulic part, the first important issue concerns the selection of the modeling approach to be used which mainly depends on the objective of the study and flow conditions. In general, one-dimensional (1D) and two-dimensional (2D) hydraulic models are commonly used allowing the simulation of steady or unsteady flow.
1D models consider discrete cross-section profiles for defining the channel and floodplain shape and assume that water moves only longitudinally along the river direction. However, the limitation of 1D hydraulic models is that they are not able to provide information on the character and direction of flow as well as the way of flowing off the obstacles.
Conversely, 2D models are mainly raster-based or use a continuous mesh to define the floodplain and the channel while water moves along all cardinal directions (Cook & Merwade ; Liu & Merwade ) . 2D hydraulic models are rather recommended for complex urban settings, but they are usually highly demanding in terms of computational time and required data input (Teng et al. ) . Moreover, they sometimes pose particular problems like the accurate estimation of river cross-section data and related characteristics like channel depth, top width and flow area (Peña & Nardi ) . Therefore, the use of 1D hydraulic models is many times preferred. The aims of this study are hence as follows:
1. To investigate the flood mapping sensitivity with respect to the following EBA4SUB input parameters: curve number (CN), concentration time (T c ) and gross rainfall distribution (GRD) for different Tr. The resulting design peak discharges were employed in 1D HEC-RAS model using the same hydraulic parameters.
2. To investigate the flood mapping sensitivity with respect to the following 1D HEC-RAS input parameters: roughness and cross-section spacing. Each 1D HEC-RAS application has been performed with the use of the same hydrologic parameters.
STUDY AREA
The Korytárka basin (Figure 1) , representing a small and ungauged basin, was chosen as the study area. The total catchment area is equal to 25.25 km 2 . The Korytárka stream, with the total length of 10.9 km, creates a left tributary of the Jablonka watercourse. The highest elevation point has 479 m a.s.l., while the lowest elevation point has 222 m a.s.l. The average slope is 14.1% and the maximum distance of the outlet from the watershed boundary is 9.9 km. The study area belongs to the following administrative units: Western Slovakia (NUTS II), Trencín Region (NUTS III) and Myjava District (NUTS IV).
The urban area of the Krajné municipality was selected as the hydraulic domain which covers 2.07 km 2 and the length of the modeled river segment is 1.65 km. Moreover, the Krajné cross-section was chosen as the starting node for hydraulic modeling (Figure 1 ).
DATA AND METHODS

Data for hydrologic and hydraulic models
The basic input in hydrologic modeling was the DEM which was interpolated from contour lines and elevation points in the topographic map of 1:10,000. The resulting pixel size was 10 m × 10 m ( Figure 1 ). Another important input in hydrologic modeling was the land cover data for which the CORINE Land Cover vector layer (2012) was used (European Commission ). As for the soil data, In the design hyetograph module, it employs the basin IDF curves and different design hyetographs, characterized by a desired rainfall duration, can be selected.
IDF curves allow one to estimate the cumulative gross precipitation value that can be distributed in time at subhourly resolution (here a 15-min time resolution has been adopted in order to ensure a minimum number of time steps for calculations). In this study, rectangular and Chicago hyetographs were investigated and the rainfall duration was set equal to the basin concentration time estimated thanks to the Giandotti formula (Giandotti ).
Leclerc & Schaake's () areal reduction factor (ARF) was applied transforming the punctual rain gauge information in spatially uniform data occurring in the whole basin. Regarding the choice of setting the rainfall duration equal to the basin concentration time, it must be highlighted that this is an open topic. In the literature, we can find contributions following the theoretic assumption that this choice causes the maximum peak runoff at the outlet compared to shorter or longer rainfall durations. For instance, Šraj et al. () showed that rainfall duration significantly longer than the concentration time can yield significantly different (more than 50% smaller) design peak discharges than design hyetographs with a rainfall duration approximately equal to the catchment concentration time.
Conversely, other contributions usually assume rainfall durations 2-3 times larger than concentration time in order to maximize the peak discharge (Viglione & Blöschl Excess rainfall is then estimated by applying the CN for Green-Ampt (CN4GA) procedure (Grimaldi et al. b) consisting of two steps: the former step uses the empirical CN method (NRCS ) to determine ponding time and cumulative excess rainfall volume:
with P e being the cumulative excess rainfall, P the cumulative gross rainfall, I a the initial abstraction, λ the initial abstraction ratio and S potential retention depending on the CN value. The latter step distributes in time at subhourly resolution the cumulative excess rainfall volume employing the physically based infiltration scheme provided by the Green-Ampt equation ():
with q 0 being the infiltration rate, i the gross rainfall intensity, I the cumulative infiltration, K s the saturated hydraulic conductivity, t p the ponding time, ΔH the difference between the matric pressure head at the moving wetting front and at the soil surface and Δθ the change in soil water content between the initial value of soil water content and the field-saturated soil water content. From a practical point of view, we first estimate cumulative excess rainfall with Equation (1) using λ ¼ 0.2 and the CN value obtained from look up tables linking CN and land cover. Therefore, by difference, the CN cumulative infiltration is quantified. Ponding time is assumed as the time when
given that excess rainfall is zero until P(t) < I a .
Then, literature values for the Green-Ampt (GA) equation parameters were assumed and Equation (2) was applied to compute the cumulative infiltration with GA. The estimated GA infiltration is compared with CN infiltration. If GA infiltration is higher than CN infiltration, Equation (2) is run again using a lower effective saturated hydraulic conductivity value that is the main parameter in Equation (2).
The parameter is iteratively reduced until the GA infiltration becomes lower than CN infiltration. Conversely, if GA infiltration is lower than CN infiltration, Equation (2) is run again using a higher effective saturated hydraulic conductivity value. The parameter is iteratively increased until the GA infiltration becomes higher than CN infiltration. At the end of the iterative procedure, an optimal value for the effective saturated hydraulic conductivity is quantified.
According to the previous step, net rainfall is maintained at zero until P(t) < I a . Consequently, by applying Equation
(2) with the estimated saturated hydraulic conductivity parameter, the CN4GA rainfall excess is obtained. This storm has the same cumulative rainfall excess value and the same initial abstraction value derived with the CN method, but it has a physically based temporal distribution.
The design hydrograph estimation is performed using the width function-based instantaneous unit hydrograph
is a kinematic model estimating the time distribution of all DEM cells to the outlet, thanks to the determination of the surface flow velocity: 
with A being the basin contributing area (km 2 ), t the precipitation duration (h), τ the time step in precipitation duration (h) and Pn(τ) the excess rainfall determined applying the CN4GA method (mm).
EBA4SUB is characterized by two advantages. First, for excess rainfall estimation, it combines the simplicity of an empirical approach with the accuracy of a physically based infiltration scheme. Then, for design hydrograph estimation, it determines the IUH shape using detailed geomorphological information on every basin pixel avoiding the use of synthetic shapes.
Hydraulic 1D HEC-RAS model
The HEC-RAS, which was developed by the U.S. Army 
Corps of Engineers
Investigated parameters and sensitivity analysis
In 
where Δx is the maximum cross-section spacing, D is the aver- The sensitivity index is expressed using the following relation:
where ΔP is the change in the parameter vector P due to a change in the single ith parameter p i , P U and P L are the par- and FV will be expressed as selected output variables, while the specific input parameters will be CN and T c (both for Chicago and for rectangular GRD) for the hydrologic sensitivity and cross-section spacing and roughness for hydraulic sensitivity.
RESULTS
Determination of design peak discharge for the hydrologic sensitivity and return period. In Figure 2 (right) , the case study WFIUHs are reported. Each combination of T c , CN and GRD furnishes a design hydrograph characterized by a peak discharge. The ensemble of the obtained peak discharges is reported in Table 2 .
As it can be seen from Table 2 , a great variation for design peak discharges is found. This variation is expected to strongly influence the flooded areas and volumes, as shown in the next paragraph. For Tr 100 years, the calculated peak discharges range from 2.73 m 3 /s to larger than 40 m 3 /s.
Regarding the variation of peak discharge with CN, an expected increasing behavior was found for all combinations of T c and the design hyetograph.
Regarding the variation of peak discharge with T c , two different behaviors emerge. In case of high CN, the increase of T c causes an increase in cumulative rainfall depth, but this increase is counterbalanced by a lower peak in the WFIUH, and this effect is predominant in the convolution integral, so peak discharges decrease. In case of low CN, the increase of T c causing an increase of cumulative rainfall depth is predominant with respect to the decrease of the WFIUH peak, so peak discharges increase.
Regarding the variation of peak discharge with the GRD, the obtained results confirm that the Chicago hyetograph has the tendency to overestimate the peak discharge because it represents the critical rainfall for all partial durations of the event, circumstance that could be positive from a precautionary point of view.
The aforementioned statements are true for the majority of combinations, and it is noteworthy that non-monotonic trends could be attributed to the approximation of the computational codes inherent in the solution of the GA equation (that has no exact solution) present in the CN4GA approach.
Sensitivity of flood mapping to hydrologic modeling
The results of the hydrologic modeling sensitivity in terms of flooded areas (FA) and flooded volumes (FV) are shown in (Table 3) .
The results for the SIUL are shown in Figures 5 and 6, respectively, for FA and FV. Considering the T c parameter, a decreasing trend with the increase in Tr is found with differences in the range of 4.4% to À 16.7% for FA and in the range of 6.3% to À24.6% for FV for rectangular GRD for rectangular GRD and in the range of 387-294% for FA and in the range of 624-503% for FV for Chicago GRD.
Sensitivity of flood mapping to hydraulic modeling
The results of hydraulic modeling sensitivity are presented in Table 4 and Figure 7 , which show the FAs and FVs for different combinations of input hydraulic parameters.
Regarding the cross-section spacing, the difference in FA and FV between the 5 m cross-section spacing and the 80 m and hydraulic sensitivity are shown in Figure 9 . As for the cross-section parameter, the values of SIUL range from À8.59% (Tr 100) to À15.8% (Tr 20) for FA, while for FV, the range is from À18.8% (Tr 100) to À30.5% (Tr 20). 
DISCUSSION
(b).
A second comment concerns the choice of the time resolution that could affect the results, in particular, for the Chicago hyetograph. From a theoretic point of view, the peak discharge should be higher for a shorter time resolution because the IDF shape provides higher rainfall intensity. However, such a circumstance could be limited because the convolution between IUH and rainfall data reduces the expected amplification of the peak discharge.
The IUH frequencies should be smaller for shorter resolution times and thus the greater impulse will be convoluted by lower IUH values. Petroselli & Grimaldi () , who investigated the time resolution effect, found that the differences in the peak discharge estimation for for the official flood hazard map (Figure 10(c) ) is 137,095 m 2 .
When comparing it with the combination of 5 m cross-section spacing þ maximum channel/floodplain roughness ( Figure 10(a) ), the difference is 14.3% while in case of the reference condition ( Figure 10(b) ), the difference is 32.6%.
Nevertheless, the reason why these maps are different lies mainly in the estimation of design peak discharges. In this study, the EBA4SUB model was applied while in case of the official flood hazard map, the Dub () regional formula was applied. In Slovakia, this approach represents a sectoral technical standard for estimating peak flow in ungauged basins. The effect of employing the EBA4SUB approach and the regional formula by Dub () on determining floodprone areas was further investigated by Petroselli et al. () .
CONCLUSION
This study investigated the sensitivity of the combination EBA4SUB hydrologic model plus the 1D HEC-RAS hydraulic model, in terms of derived flooded areas (FA) and volumes (FV), to different combinations of their input parameters.
Results of the EBA4SUB hydrologic modeling point to the great variation of design peak discharge which strongly influenced the modeled FA and FV. The influence of CN value selection on the estimation of peak discharge appears to be more important and greater than the influence of the selection of correct concentration time (T c ).
Regarding the variation of FA and FV with respect to the hydrologic modeling, the sensitivity to CN parameter was found to be several times larger than the sensitivity to T c parameter for both investigated GRDs (rectangular and Chicago). This finding highlights the importance of the correct estimation of soil and land use properties which affect the excess rainfall estimation.
As for the sensitivity of FA and FV to hydraulic modeling, the sensitivity to roughness parameter was found to be 1.5-2 times greater than the sensitivity to the cross-section parameter. However, the importance of both input parameters for hydraulic modeling should be highlighted because large differences in the investigated combinations of input parameters were found, as expressed in the Results section, with the differences being greater for smaller return periods.
To summarize, relatively large differences were found, for a short modeled river segment, in terms of flood extent and FV using different combinations of input parameters in the investigated hydrologic and hydraulic modeling approach. Moreover, the sensitivity of flood mapping to hydrologic modeling is greater than the one to hydraulic modeling, i.e. due to hydrologic modeling, larger differences were found in FA and FV with respect to the reference condition compared to hydraulic modeling. Nevertheless, the modeler should carefully estimate the input parameters for the hydrologic-hydraulic modeling approach since they can have a significant influence on determining floodprone areas or designing flood mitigation structures, in particular for small and ungauged basins. Results of this study show that the most critical issues pertain to the hydrologic modeling and are related to the difficulty in the correct estimation of the CN parameter in order to determine the excess rainfall as well as in the correct estimation of T c affecting both the flow routing and the basin response to rainfall.
